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1Department of Computational Medicine and Bioinformatics, University of Michigan, Ann Arbor, MichiganABSTRACT Kinesin motor domains couple cycles of ATP hydrolysis to cycles of microtubule binding and conformational
changes that result in directional force andmovement on microtubules. The general principles of this mechanochemical coupling
have been established; however, fundamental atomistic details of the underlying allosteric mechanisms remain unknown. This
lack of knowledge hampers the development of new inhibitors and limits our understanding of how disease-associatedmutations
in distal sites can interfere with the fidelity of motor domain function. Here, we combine unbiased molecular-dynamics simu-
lations, bioinformatics analysis, andmutational studies to elucidate the structural dynamic effects of nucleotide turnover and allo-
steric inhibition of the kinesin-5 motor. Multiple replica simulations of ATP-, ADP-, and inhibitor-bound states together with
network analysis of correlated motions were used to create a dynamic protein structure network depicting the internal dynamic
coordination of functional regions in each state. This analysis revealed the intervening residues involved in the dynamic coupling
of nucleotide, microtubule, neck-linker, and inhibitor binding sites. The regions identified include the nucleotide binding switch
regions, loop 5, loop 7, a4-a5-loop 13, a1, and b4-b6-b7. Also evident were nucleotide- and inhibitor-dependent shifts in the
dynamic coupling paths linking functional sites. In particular, inhibitor binding to the loop 5 region affected b-sheet residues
and a1, leading to a dynamic decoupling of nucleotide, microtubule, and neck-linker binding sites. Additional analyses of point
mutations, including P131 (loop 5), Q78/I79 (a1), E166 (loop 7), and K272/I273 (b7) G325/G326 (loop 13), support their pre-
dicted role in mediating the dynamic coupling of distal functional surfaces. Collectively, our results and approach, which we
make freely available to the community, provide a framework for explaining how binding events and point mutations can alter
dynamic couplings that are critical for kinesin motor domain function.INTRODUCTIONKinesins are a large superfamily of microtubule-based motor
proteins that play essential roles in intracellular trafficking,
cell motility, and cell division (1,2). All kinesins contain
one or more homologous motor domains that are responsible
for nucleotide-dependent motility along microtubules. Cy-
cles of ATP binding and hydrolysis within these domains
are allosterically coupled to changes in microtubule binding
affinity and to the coordination of partner domains required
for directed motion. For a number of families, this directed
motion is thought to involve the hand-over-hand-like step-
ping of paired motor domains along microtubules (3,4).
However, despite extensive biochemical, biophysical, and
structural studies, a full appreciation of the underlying allo-
steric coordination mechanisms remains to be achieved. This
lack of knowledge about fundamental dynamic mechanisms
hampers the development of new allosteric inhibitors and
limits our understanding of how disease-associated muta-
tions in distal sites can interfere with the fidelity of motor
domain function.Submitted July 31, 2014, and accepted for publication September 19, 2014.
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0006-3495/14/11/2204/10 $2.00At a fundamental level, kinesin motor domains, which
share core structural features with G proteins and myosins,
can be usefully considered as nucleotide-sensing conforma-
tional switches. Consequently, much effort has been devoted
to characterizing the details of potentially important struc-
tural changes. Indeed, crystallographically observed struc-
tural differences together with cryo-electron microscopy
(cryo-EM) reconstructions and spectroscopic studies have
led to a general model for motor domain allostery. In this
model, small structural changes at the nucleotide-binding
switch I and switch II regions are linked to larger changes
at the microtubule-binding a4-loop 12-a5 region that in
turn affect the structural dynamics of the partner domain
tethering neck-linker (NL) region. This 14- to 18-residue-
long segment has been crystallized in a range of conforma-
tions, including largely disordered, or so-called undocked,
states and a more ordered docked state attached to the
main body of the motor domain (3,5–7). This observation,
together with electron paramagnetic resonance (EPR) and
cryo-EM studies reporting on NL orientation in kinesin-1,
support a nucleotide-dependent NL docking model that is
thought to provide the principal conformational change
that drives kinesin-1 stepping (3,8,9). However, in apparent
contrast to findings with kinesin-1, recent kinesin-5 cryo-
EM and luminescent studies using fluorescent probes onhttp://dx.doi.org/10.1016/j.bpj.2014.09.019
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between different ordered NL conformations (10–12). Our
recent meta-analysis indicated that the more than 90 avail-
able motor domain crystal structures represent one of three
major conformational groups (13). Two of these three groups
correspond to ATP- and ADP-like states, with only the ATP
state having a fully docked NL when present in the crystal-
lized construct. The third distinct conformational group is
populated solely by Eg5-inhibitor-bound structures. Eg5 is
a mitotic kinesin-5 family member that has recently attracted
significant attention due to its central role in cell division and
because it represents an attractive target for chemothera-
peutic intervention (1). A number of allosteric inhibitors of
Eg5 have been developed that bind to a site distal from the
nucleotide- and microtubule-binding interfaces. These com-
pounds affect microtubule-stimulated ADP release, arrest
Eg5 activity, and lead to a common crystallographically
observed conformation distinct from that of other ATP-
and ADP-bound kinesin family members (13,14).
Our previous detailed comparison of available structures
indicated that the conformational differences that define
ATP-, ADP-, and Eg5-inhibitor states are localized to four
main regions: 1), the nucleotide-binding switch I and switch
II loops; 2), the motor tip, comprising portions of b4-b6-b7
and a1b-a2b; 3), the microtubule-binding a4-loop 12-a5 re-
gion; and 4), the NL loop (13). Intriguingly, the conforma-
tional features of these regions in Eg5 inhibitor structures
appear intermediate to those in ATP and ADP structures.
This includes a more ATP-like a4-loop 12-a5 region, an
ADP-like motor tip (b4-b6-b7 and a1b-a2b), and a partially
docked NL (where the beginning N-terminal segment is
attached to the side of the motor domain but the C-terminal
is detached). Other structurally variable regions (such as
loops 5, 8, and 11) either exist in a wide range of conforma-
tions with no clear relationship to nucleotide or inhibitor
state, or vary in composition between Eg5 and other kinesin
families, complicating direct superfamily-level comparisons.
However, a number of these variable regions are likely to
have an important allosteric role in at least some families.
For example, the variable-length, solvent-exposed loop 5
(located between a2a and a2b in all kinesin families) pro-
vides a major portion of the binding site for small-molecule
kinesin-5 allosteric inhibitors, including monastrol and its de-
rivatives. Furthermore, mutagenesis of residues in loop 5,
transient-state kinetics, infrared spectroscopy, and EPR spec-
troscopy measurements have demonstrated that mutations in
this region can affect ADP release and NL conformational
variations (15–17). Similarly, the N-terminal region can be
observed to form a short b-sheet interaction with a portion
of the NL in a number of ATP-like crystal structures. This
interaction has been termed the cover-neck bundle, and
steered molecular-dynamics (MD) simulations, mutagenesis,
and EPRmeasurements indicate that this potentially transient
interaction may be required for force generation in kinesin-5
(10,11,18).Emerging evidence indicates that different conforma-
tions of functional regions are to some extent accessible
regardless of the bound nucleotide (13,19–21). In contrast
to the strict nucleotide-associated conformational trends
observed for a number of structurally related G protein
families (22,23), multiple kinesin crystal structures are
characterized as ATP-like but have ADP present in the
nucleotide-binding pocket (and vice versa). This ability
to adopt distinct conformations with either nucleotide is
also supported by recent enhanced sampling MD simula-
tions that revealed a tendency for nucleotide-free kinesin
to exhibit both ATP- and ADP-like conformations (13).
In a similar vein, recent Eg5 spectroscopic data indicate
that loop 5 exists in a range of conformations, but their
relative populations differ between nucleotide states (21).
Collectively, these recent findings highlight the fact that
the use of static crystallographic structures and relatively
low-resolution cryo-EM averages must be complemented
by a dissection of the dynamic conformational equilibrium
and a characterization of the potentially distinct long-range
dynamic couplings among functionally important protein
regions.
In this work, we used extensive unbiased MD simula-
tions to explore the conformational mobility of the kine-
sin-5 motor domain and the allosteric effect of inhibitor
binding. Multiple replica simulations of ATP-, ADP-, and
inhibitor-bound states, together with network analysis of
correlated motions, were used to create dynamic protein
structure networks depicting the internal dynamic coordi-
nation of each state. The nodes of these networks represent
individual protein residues, and their connecting edges are
weighted by their constituent atomic correlation values. A
dissection of network properties, followed by additional
analysis of point mutations, was then used to provide the
first robust in silico interpretation of the dynamic linkage
of key functional regions, including nucleotide-, inhibi-
tor-, microtubule-, and NL-binding sites. Collectively, our
results and approach, which we make freely available to
the community, provide a framework for explaining how
binding events and point mutations can alter the dynamic
couplings that are critical for kinesin motor domain
function.MATERIALS AND METHODS
MD simulations
Simulation models were based on the high-resolution crystallographic
structures of human Eg5 kinesin in complex with the nonhydrolyzable
analog AMPPNP (PDB code: 3HQD) (24), ADP (PDB code: 1II6)
(25), and ADP plus ispinesib-mesilate (PDB code: 4AP0) (26). AMPPNP
was modified to ATP to resemble the natural nucleotide. The unresolved
portions of loop 10 and loop 12 in PDB structures 1II6 and 4AP0 were
modeled using Modeler v9.10 (27) and evaluated according to the
discrete optimized protein energy score (28). All MD simulations were
performed using the AMBER 12 package (29) and corresponding all-
atom potential function ff99SB (30). The energetic parameters for theBiophysical Journal 107(9) 2204–2213
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base (31). The GAFF force field (32) was used to model the ispinesib
molecule, and the atomic charges were determined with GAUSSIAN09
software (33) at the RHF/6-31þG* level. The simulation parameters
included periodic boundary conditions, TIP3P water, and charge-neutral-
izing counterions, with full particle-mesh Ewald electrostatics. A 2 fs
time step and a 12 A˚ cutoff value were used for truncation of nonbonded
interactions. The equilibration of the three systems consisted of constant
volume heating to 300 K for 10 ps, followed by 200 ps of a constant tem-
perature (300 K), constant pressure (1 atm) simulation. The SHAKE
algorithm was used to constrain all covalent bonds involving hydrogen
atoms. Four 40 ns MD simulations with random initial velocity assign-
ments were then performed on each system, resulting in a total of
160 ns of production phase dynamics for each state. Five additional
sets of in silico mutation simulations (with substitutions based on the re-
sults of wild-type simulations, namely, P131A (loop 5), Q78A/I79A (a1),
E166A (loop 7), and K272A/I273A (b7) G325A/G326A (loop 13)), were
performed with the same parameters used for the wild-type simulations.
Note that extended 100 ns simulations of the wild-type ATP state were
found to yield results similar to those obtained in 40 ns simulations in
terms of correlation network analysis.Trajectory analysis
The Bio3D package version 2.0.1 was used for all trajectory analyses,
including dynamic network construction and analysis (34). To characterize
correlated atomic fluctuations, the heavy-atom residue-wise linear mutual
information (LMI) (35) was calculated as follows:
LMI

xi; xj
 ¼ 0:5lnðdetCiÞ þ ln

detCj
 lndetCij

LMIðA;BÞ ¼ maxLMIxi˛GðAÞ; xj˛GðBÞ
where Ci is the covariance matrix for the displacement of heavy atom i and
Cij for atoms i and j. The LMI of residues A and B corresponds to the
maximum value of the LMI among the atoms forming residue A and residue
B (indicated with G(A) and G(B), respectively). This analysis was per-
formed separately on each simulation, resulting in four matrices per protein
state. Each group of four matrices was also used to obtain a consensus
matrix containing average LMI values if the values from individual simula-
tions were greater than or equal to a cutoff value of 0.6. Zero values were
assigned to ij of the consensus matrix if any LMIij was<0.6 and the respec-
tive atoms were separated by >10 A˚ in 70% of cumulative simulation
frames. In contrast to previous approaches, this procedure retains strong
couplings regardless of structural proximity and limits the use of a contact
map filter to the small subset of weak correlations that fluctuate both above
and below the cutoff value.FIGURE 1 The distinct flexibilities of nucleotide- (switch I and switch
II), inhibitor- (loop 5), and NL-binding regions in ATP- (red line), ADP-
(green line), and inhibitor- (blue line) bound states. Regions that show
statistically significant differences between states (with p < 0.01) and are
composed of at least three consecutive residues are highlighted with a
light-blue-shaded background. The consensus secondary structure is re-
ported schematically with b strands in gray and a helices in black (top
and bottom).Correlation network analysis
A network for each protein state depicting the internal dynamic correlation
of the motor domain was built from the consensus matrices described
above. As implemented in Bio3D (34), network nodes represent heavy
atoms, which are connected through edges weighted by minus the logarithm
of their LMI values. Community analysis and node centrality with Bio3D
and suboptimal path calculation with the WISP software (36) were per-
formed on each network to characterize network properties and to identify
residues involved in the potential dynamic coupling of distal sites. The
parameters for the suboptimal path analysis included input source and
sink nodes, as well as the total number of paths to be calculated. The latter
parameter was set to 500 paths, which was found to yield converged results
in all cases (see Fig. S1 in the Supporting Material). We note that all anal-
ysis methods have been made freely available within the Bio3D package
(http://thegrantlab.org/bio3d/).Biophysical Journal 107(9) 2204–2213RESULTS AND DISCUSSION
Extensive MD simulations were used to characterize the
internal dynamics of the kinesin-5 motor domain in ATP-,
ADP-, and inhibitor-bound states. These consisted of four
independent 40 ns simulations for each state (160 ns of total
simulation time per state) from which consensus dynamic
properties were calculated. In addition to conventional
geometric metrics, we used correlation network analysis
methods to investigate dynamically coordinated regions in
all simulations (see Materials and Methods section for full
details). We then characterized the dynamical coordination
of nucleotide-, inhibitor-, microtubule-, and NL-binding
sites in the various states by calculating optimal and subop-
timal paths between these sites in the respective atomically
detailed correlation networks. Finally, we performed four
additional sets of in silico alanine mutation simulations to
probe the potential allosteric role of residues in loop 5,
loop 7, a1, and loop 13.Nucleotide-dependent differences in flexibility
and dynamical correlations
ATP-, ADP-, and inhibitor-bound states were found to
display an overall common trend of residue-wise root
mean-square fluctuations (RMSFs; see Fig. 1). This trend
consisted of comparatively low RMSF values for the buried
core b-sheet, with larger values evident for solvent-exposed
regions, including loop 2, loop 5, b5b-b5c-loop 8, loop 10,
loop 11, and NL regions. Structural regions with statistically
significant differences between states (shaded regions in
Fig. 1 with a p value < 0.01) were localized to inhibitor-,
nucleotide-, and NL-interacting sites. These included the in-
hibitor-binding loop 5 (residues 118–132) and nucleotide-
binding switch I (residues 220–235) and switch II (residues
278–288) regions, as well as the NL itself (residues 358–
370). In ATP and inhibitor simulations, the N-terminal of
the NL region was observed to display significantly reduced
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to the formation of cover-neck bundle interactions with
loop 0. However, we noted a relatively high degree of flex-
ibility for the C-terminal portion of the NL in all states. Both
loop 5 and switch I displayed significantly higher flexibil-
ities in ADP simulations, reflecting their lack of contacts
with inhibitor and the g-phosphate of ATP. In the ATP state,
the switch I region formed frequent contacts with the g-
phosphate of the nucleotide and with switch II, which stabi-
lized a b-hairpin conformation, resulting in an overall
reduced switch I and switch II flexibility. In the ADP and
inhibitor states, switch I lacked these contacts, was not
directly dynamically correlated with the nucleotide, and
adopted a range of different conformations with enhanced
flexibility. The enhanced ADP state loop 5 flexibility is in
agreement with the trend reported from recent time-resolved
fluorescence spectroscopy experiments (21) and with a pre-
vious MD simulation study (37). However, we noted no sig-
nificant flexibility differences for this region between ATP
and inhibitor simulations. The C-terminal portion of switch
II displayed a more disordered and flexible structure in
going from ATP- to ADP- and inhibitor-bound states. Helix
a4 was extended by one turn in ADP and three turns in ATPcompared with the inhibitor. This is reflected in the flexi-
bility of this region, with the inhibitor state having the high-
est peak in the RMSF profile. Since only the N-terminal
portion of switch II (residues 280–285 of the Walker B
motif, located between b7 and a4) contacts the g-phosphate,
it is not immediately apparent from direct trajectory in-
spection why the C-terminal portion displays a distinct flex-
ibility. We used correlation network analysis methods to
address the underlying cause of the difference in flexibility
of this region, as discussed further below.
To characterize the potential dynamic coordination of
distal sites, we calculated the atomic displacement correla-
tions for each residue pair in all simulations (Fig. 2). Consis-
tent with our previously reported results obtained from
accelerated MD simulations (13), the correlation matrices
showed strong couplings in all states to the central b-sheet
comprising residues in b4-b6-b7 and a1b-a2b, among the
microtubule-binding-site elements a4-loop 12-a5-loop 8,
and between loop 2 and loop 14. An additional feature com-
mon to all states was loop 7 coordination with switch I,
switch II, and a5. This result is consistent with the sugges-
tion that loop 7 plays a key role in bridging the nucleotide-
and microtubule-binding sites (13,38), as also indicated byFIGURE 2 Community analysis reveals nucleo-
tide- and inhibitor-dependent differences in the
dynamic coupling of nucleotide-, inhibitor-, and
NL-binding regions. (A) Community partitioning
from correlation network analysis. (B) Front and
back views of the motor domain structure for
each state along with a zoomed-in view of the
nucleotide- and microtubule-binding regions. The
colors match the community partitioning shown
in A.
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prominent coordinating role of loop 7 is further supported
by the decoupling of microtubule- and nucleotide-binding
coordination upon mutation of loop 7 Y485 in Drosophila
kinesin-14 (equivalent to Y164 in kinesin-5) (38). The NL
region displays variable couplings in the different states.
With ATP and inhibitor, the N-terminal portion of the NL
couples to the central b-sheet through b1-loop 0. These in-
teractions have been referred to as the cover-neck bundle
(39), and kinetic and mutational analyses have demonstrated
the importance of these interactions for NL conformation
(10,39). The simulations described here indicate that these
couplings are largely absent in ADP simulations, consistent
with the undocked conformation of the NL, which intermit-
tently coordinates with the loop 2 region. The C-terminal
portion of the NL couples with b7 in the presence of ATP,
but not with ADP or inhibitor. Taken together, these results
are consistent with full NL docking with ATP, partial dock-
ing with inhibitor, and full undocking with ADP.Correlation network analysis
To aid in the further interpretation and quantification of
state-specific couplings, we constructed correlation net-
works in which nodes represent protein residues and the
connecting edges are weighted by the strength of their
respective correlation values. This approach has been used
successfully to dissect allosteric couplings in a range of sys-
tems (13,40–42). To assess the consistency of our results,
given the potential limited sampling of a single simulation,
we calculated correlation networks using both individual
simulations and the consensus mutual information from
multiple replica simulations (see Materials and Methods).
Applying community analysis to cluster these networks
into highly intracorrelated structural regions that are more
loosely connected to the rest of the motor domain reveals
four main consistently correlated protein sectors (or commu-
nity groups) common to all three states. The largest of these
common sectors comprises the bottom portion of the central
b-sheet (yellow in Fig. 2). The second major correlated mo-
tor domain sector is comprised of switch II-a4-loop 12-a5
regions (blue in Fig. 2). The third sector corresponds to
a0-loop 1-b2-loop 2-loop 14 regions (red in Fig. 2) and
the fourth corresponds to a3-loop 8 (gray in Fig. 2). This
result indicates that these portions of structure have an
intrinsic tendency to exhibit correlated motions regardless
of the motor domain’s nucleotide- or inhibitor-bound state.
In contrast, nucleotide and inhibitor presence was found to
clearly affect the collective motions (and community
composition) of switch I, switch II, loop 5, and the distal
NL regions. Consistent with the differences in flexibility
noted above, in the ATP state the P loop, switch I, switch
II, and the nucleotide itself formed one highly coupled com-
munity (green in Fig. 2, ATP), whereas in the ADP state the
nucleotide grouped with loop 5-a2a (orange in Fig. 2, ADP),Biophysical Journal 107(9) 2204–2213and in the inhibitor state it grouped with the P loop and b1-
b3-b8 (back to green in Fig. 2, inhibitor). This indicates that
the g-phosphate of ATP plays a fundamental role in the co-
ordination of these regions, but in the presence of ADP these
elements show an overall looser coupling. The nucleotide
also affected loop 5 (orange sector in Fig. 2): in the ATP
and inhibitor states, loop 5 clustered with a1a and a2b
through interactions between residues P131 (loop 5) and
Q78-I79 (a1a) and E128 (loop 5) to H141 (a2b), whereas
in the ADP state this coordination was absent. As noted
above, RMSF data indicating that loop 5 is more rigid in
ATP and inhibitor states and more flexible with ADP are
consistent with this result (Fig. 1). Furthermore, a recent
mutational study confirmed the importance of P131 and
loop 5 in modulating ADP dissociation kinetics, as well as
NL conformational changes (17). Further supporting the
allosteric effect of the inhibitor, we found that the NL region
in the ATP state coordinates with the microtubule-binding
site (blue in Fig. 2, ATP), whereas in the inhibitor state it
is isolated (purple in Fig. 2, inhibitor). Residues L324–
G325 (loop 13), T330 (b8), and N358-I359 (NL) showed
reduced couplings in the inhibitor state (Table S1), leading
to NL decoupling from these elements. Both experiments
and our previous in silico mutational studies identified resi-
dues G325 and I359 as being fundamental for NL coordina-
tion and kinesin motility, further supporting the results
presented here (13,43).The ATP state displays a higher degree of
microtubule-binding-site coordination
To quantify the relative importance of each residue in the
correlated motions of the motor domain, we calculated the
eigenvector centrality for each node in all correlation net-
works. This method diagonalizes the adjacency matrix
(i.e., the correlation matrix) and selects the eigenvector
associated with the highest eigenvalue. The result is a mea-
sure of the influence of each residue on the overall correla-
tion network of each state. A comparison of the residue
centralities of ATP and ADP states reveals major differences
in the microtubule-binding site and NL regions (Fig. 3). The
a4-loop 12-a5-loop 13 and the NL display comparatively
low centrality values in the ADP state, but higher values
with ATP. This indicates an increased importance in the
network and higher overall correlations for these regions
in the presence of ATP. This result parallels the diverse
affinities of the motor domain conformations for the mi-
crotubule: in the ATP state, the affinity is stronger and the
structural elements that form the binding interface are
dynamically correlated, whereas in the ADP state, both
the affinity and the binding-site dynamical correlation are
weaker (44,45). In addition, the ATP- and ADP-state cen-
trality values highlight the importance of a1-b4-b6-b7 re-
gions, which exhibit high centrality values in both ATP
and ADP states (Fig. 3).
TABLE 1 Residues with three or more unique dynamic
couplings in both ATP and ADP states
Residue Location
Y97 b3
H141 a2a
E162 b4
F185a b5b
K207 a3
T222 SI
S232a SI
R234a SI
S235a SI
V256 b7
K257 b7
I258 b7
G259 b7
I272a SII
I288 SII
I299 a4
D322 a5
L324 L13
G325a L13
R329a b8
N361a NL
K362 NL
aSites with mutations known to be associated with diseases.
FIGURE 3 Differences in residue-wise network centralities for ATP
(red), ADP (green), and inhibitor (blue) networks. Regions of significant
difference are highlighted with a light-blue-shaded background. Note the
reduced inhibitor centralities for the central b-sheet (b3, b4, b6, and b7),
as well as the a4-loop 12-a5-loop 13 and NL regions.
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switch I, and the NL to the central b-sheet
To identify residues with distinct couplings in the ATP and
ADP states, we characterized the unique edges present in
ATP and ADP networks. This analysis identified distinct
state-specific correlations for residues located in regions
that undergo nucleotide-associated conformational rear-
rangements (b5b, switch I, switch II, and NL) and in their
coordinating structural elements (a5, b3, b7, loop 13, b8)
(Fig. 4; Table 1). The nucleotide-dependent correlations of
these regions imply a potentially important allosteric role
for these sites. Intriguingly, mutations at a number of these
sites (see Table 1) are associated with deficiencies in the
kinesin cycle that lead to pathologies such as spastic para-
plegia and Charcot-Marie-Tooth syndrome (46,47).
Among the most notable nucleotide-associated unique
couplings, we found that the nucleotide-binding-site resi-
dues S232, R234, and S235 (switch I) displayed strong
coupling with ATP and the magnesium ion, whereas ADP
lacked any persistent correlations with switch I residues.FIGURE 4 The extent of unique dynamic couplings per state defines the
regions affected by nucleotide binding. (A and B) Front (A) and rear (B)
views of the motor domain, colored by the proportion of unique couplings
per residue. Yellow spheres correspond to residues with three or more
unique couplings in both ATP and ADP states (see Table 1 for details).This is consistent with results from network community
analysis, which showed that the nucleotide-binding pocket
had a high overall correlation in the ATP state. Intriguingly,
residues R234 and S235 coordinated with switch II residues
284–288, forming a switch I-switch II connection that was
present in the ADP state only. In addition, for the micro-
tubule-binding and NL regions, residue F185 (b5b) coordi-
nated both b5a and a5, and residues Y97 (b3), V256–G259
(b7), I299 (a4), D322 (a5), L324–G325 (loop 13), and
R329 (b8) showed distinct couplings with the NL (Fig. 4;
Table S2). Consistent with this analysis, previous simula-
tions of G325A/G326A mutation displayed a reduced
coupling between microtubule-binding-site elements and
NL regions (13).Inhibitor affects both the microtubule-binding-
site and central-b-sheet coordination, leading to
a dynamic decoupling of nucleotide-, NL-, and
microtubule-binding-site regions
A node centrality analysis of inhibitor-state simulations
revealed a striking reduction in centrality values for the
microtubule-binding-site elements, as well as for b3, b4,
b6, and b7 of the central b-sheet (Fig. 3). This difference
demonstrates how the presence of the simulated inhibitor,
ispinesib-mesilate, affects multiple dynamic sites on the
protein structure, decreasing their overall coordination to
other key regions of the motor domain. Regions that show
increased centrality values in the inhibitor state include he-
lix a3 and loop 8a. The a3 helix, together with loop 5, forms
part of the inhibitor-binding site. Inhibitor binding leads toBiophysical Journal 107(9) 2204–2213
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characterize the additional effects of inhibitor binding, we
performed a set of control simulations on the inhibitor state
by removing the ispinesib-mesilate molecule. A comparison
of the inhibitor-state node centrality with the control system
supported the inhibitor’s effect on the microtubule-binding
site and the core b-sheet, as the peaks in these regions
dramatically increased upon inhibitor removal (Fig. S2).
Among the unique ATP- and ADP-state residue couplings
that were previously identified, we found that residues
D322 in a5 and L324–G325 in loop 13 exhibited a lower co-
ordination with b5b, a4, loop 12, and the N-terminal portion
of the NL in the inhibitor state (Table S1). This result indi-
cates that inhibitor binding affects the microtubule-binding
site by decreasing its dynamical coupling to distal sites. In
addition, b7 residues from V256–G259 exhibited a marked
reduction in their couplings with the adjacent C-terminal
segment of the docked NL when compared with the ATP
state, highlighting the inhibitor’s effect on b7 (Table S2).
In the inhibitor state, we also noted a decoupling between
residue D162 (b4) and loop 8a due to a displacement of
these regions upon inhibitor binding.Network path analysis indicates a nucleotide- and
inhibitor-dependent shift in the allosteric linkage
of functional sites
To further characterize the dynamic linkage of distal func-
tional regions, we subjected the ATP, ADP, and inhibitor
networks to optimal and suboptimal path analysis. This
approach entails the calculation of the shortest path plus
the longer suboptimal paths through all network edges (rep-
resenting residue correlations) between selected node pairs.
The resulting path ensemble depicts the multiple ways in
which dynamic communication could flow among the
selected sites, with the path lengths defined as the sum of
the respective edge weights crossed. Applying this approach
to the nucleotide-NL, nucleotide-microtubule, and loop
5-NL binding sites revealed state-dependent differences in
potential functional significance (Fig. 5).
In the presence of ATP, the majority of the nucleotide-NL
paths (>99%) crossed switch I, loop 7, and the central b3,
b4, b6, or b7 strands (Fig. 5 A, red paths; Table S3). An
alternative, longer route passed through a1 in a minority
of paths (<1%; blue in Fig. 5 A). A shift in the relative
coupling via these two paths was evident in mutational sim-
ulations of K257A/I258A in b7, which favored the a1 route
(Fig. S3). Intriguingly, clinically observed mutations of res-
idues S159, E162, S233, R234, and S235, which are located
on the predicted dominant path, are known to be associated
with behavioral disturbance and peripheral neuropathy dis-
eases (46,47). A strikingly different pattern of paths was
evident with bound ADP (Fig. 5 B). These involved b1-
loop 1-a0-loop 2-b2 segments (59% of paths, brown paths
in Fig. 5 B) or helix a6 (41%; pink in Fig. 5 B). This differ-Biophysical Journal 107(9) 2204–2213ence reflects the variable but distinct conformation of the
NL, which in this state is frequently distant from the motor
tip and occasionally proximal to loop 2-b2. In the inhibitor
state, we observed a pattern similar to that observed for the
ATP state (Fig. 5 C), but due to the dynamical decoupling of
the central b-strands in the presence of inhibitor, the paths
shifted toward the less favorable a1 route (99%; blue in
Fig. 5 C), with only a small fraction crossing b3 (1%; red
on Fig. 5 C). This result indicates that the inhibitor decou-
ples the nucleotide from the NL by affecting the dynamic
coupling of the central b-strands, consistent with the lower
centrality values for these regions (Fig. 3).
The inhibitor also reduced the overall coordination of
switch I, switch II, and loop 7 elements, which link the nucle-
otide- and microtubule-binding sites (Fig. 5, D–F; Table S4).
In the presence of ATP, the majority of paths (69%) linking
the nucleotide to a5 crossed switch I and loop 7 through res-
idues N165–E166 (yellow in Fig. 5 D). Also evident was
another group of paths (31%; green in Fig. 5 D) traversing
the longer b5-loop 8 region, consistent with the high dy-
namic coordination of this region with the microtubule-bind-
ing site in the presence of ATP. To further investigate the
main route of the ATP state, we performed simulations on
the mutant E166A. The results showed a striking coupling
reduction between loop 7 and a5 (from 69% to 47% of total
paths), confirming the importance of the glutamate in this po-
sition (Fig. S4). The switch II, switch I, and loop 7 regions
also featured prominently in the ADP state (17% of paths)
(yellow in Fig. 5 E). However, differences in the a4-a5 orien-
tation prevented the paths from crossing b5 and loop 8,
instead favoring linkage through b4-b6-b7 (74% of paths;
purple in Fig. 5 E). In the inhibitor state, only a small fraction
of paths (<1%) traversed these regions and no overall domi-
nant route was evident (Fig. 5 F). This was found to result
from weakening of the coordination of switch II, switch I,
and loop 7 residues, along with the enhanced flexibility
evident for the C-terminus of the switch II region in the in-
hibitor state. These effects result in path calculations
diffusing to a large number of less favorable (longer) surface
sites, effectively decoupling these sites in the presence of
inhibitor.
As mentioned above, the loop 5 region has recently at-
tracted attention as a potential allosteric regulator of kinesin
structure (17). Our simulations indicate that both a1 and a2
helices are involved in the coupling of loop 5 dynamics to
the NL in a nucleotide- and inhibitor-dependent fashion
(blue and green paths in Fig. 5, G–I). In the presence of
ATP, the majority of paths (>99%) from loop 5 to NL tra-
versed a2b and the motor-tip portion of b4, b6, or b7,
with only a minority utilizing a1 (<1%) (Fig. 5 G; Table
S5). The lack of coordination in b4-b6-b7 in the presence
of inhibitor led to the distribution of paths shifting to favor
the a1 route (79%) over a2b (21%) (Fig. 5 I). In addition, an
examination of the network connections involving a1 iden-
tified residues Q78–I79 in a1a and P131 in loop 5 as key
FIGURE 5 Optimal and suboptimal path anal-
ysis reveals nucleotide- and inhibitor-dependent
coupling routes between functional sites. (A–C)
Paths linking nucleotide and the NL (with source
and sink nodes represented by the b-phosphate of
the nucleotide and residue 368 of the NL). (D–F)
Paths from the nucleotide to a5 (b-phosphate and
residue 318) and (G–I) paths from loop5 to the
NL (residues 131 and 368). The ATP state is repre-
sented in A, D, and G; ADP is represented in B, E,
and H; and inhibitor is represented in C, F, and I.
Source and sink nodes are highlighted with spheres
with related paths (passing through the same struc-
tural elements) between these nodes shown in the
same color. See main text for details. To see this
figure in color, go online.
Dynamic Coupling and Allostery in Kinesin-5 2211coupling positions. Their importance for coupling loop5 and
a1 was also evident in additional mutational simulations of
P131A (loop 5) and Q78A/I79A (a1a), which showed
reduced coordination between loop 5 and a1a (Fig. S5).
Conversely, helix a2b is adjacent in sequence and structure
to loop 5, and these elements share many highly correlated
edges. Indeed, we were not able to identify individual resi-
due substitutions that resulted in significant changes for the
coupling of these regions (data not shown). Also, our results
contrast with the previously proposed hypothesis that a3
could represent a key element for loop 5 allosteric regula-
tions (21). We note that loop 5 residues link to a3 in both
ATP and inhibitor networks (residues W127 and E128 in
loop 5, and K207 and Y211 in a3), but they do not emerge
as participating in the coupling paths between loop 5 and
NL or nucleotide. Furthermore, despite the undocked NL
conformation, the ADP-state paths crossed the N-terminal
portions of a1 (98%) and a2 (2%) (Fig. 5 H), as well asb2 and loop 2 segments, indicating that the loop5-a1 and
loop5-a2 connections are important for coupling to the
NL in all states.CONCLUSIONS
This study combines results from extensive MD simulations
with insights from bioinformatics analysis to reveal new (to
our knowledge) details about the internal dynamics of the
kinesin-5 motor domain associated with allosteric regula-
tion and inhibition. Improved dynamic network analysis
methods indicate that the g-phosphate of a bound ATP plays
a fundamental role in the coordination of switch I and
switch II regions with the nucleotide itself and the P loop.
In addition, the ATP state favored coupling of the microtu-
bule-binding site with the NL. Conversely, in the ADP
state the nucleotide was coordinated with loop 5, whereas
the switches were dynamically dissociated and theBiophysical Journal 107(9) 2204–2213
2212 Scarabelli and Grantmicrotubule-binding-site elements showed lower internal
couplings. We also found that allosteric inhibitor binding
decouples the nucleotide from the microtubule-binding
site and the NL by affecting the dynamics and reducing
the coupling of the residues in switch I, switch II, loop 7,
and the b4-b6-b7 regions. A set of control simulations
with the inhibitor instantaneously removed confirmed this
result. Investigations of the dynamic coupling between
nucleotide-, NL-, and microtubule-binding sites identified
b4-b6-b7, loop 7, and a1-a2 as participating in the dynamic
coupling of these distal functional regions. In addition, we
tested in silico alanine mutations to investigate the role of
potentially key residues in a1, loop 5, loop 7, b7, and
loop 13 that were predicted to be involved in allosteric path-
ways in the wild-type structure. Among these, residue Q78/
I79 (a1) and P131 (loop 5) emerge as relevant sites for the
allosteric coupling between loop 5 and the NL and residue
E166 (loop 7) for the nucleotide- and microtubule-bind-
ing-site coordination. These findings provide an atomic
description of the allosteric communication among nucleo-
tide-, microtubule-, and NL-binding sites in the presence of
ATP, ADP, and inhibitor ligands. Our data provide structural
and dynamic insights that are not available from the accu-
mulated crystal structures, and lay the foundation for dis-
secting the dynamic consequences of disease-associated
mutations linked to human pathologies, including neurode-
generation, tumorigenesis, and ciliopathies.SUPPORTING MATERIAL
Five figures and five tables are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(14)00958-8.
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